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 CHAPTER 1 
INTRODUCTION 
1.1 Background on palm oil 
The oil palm, Elaeis guineensis, is indigenous to West Africa, with the first countries 
that started to plant the oil palm being Sierra Leone, Liberia, the Ivory Coast, Ghana, 
and Cameroon (Yusoff, 2006).  Palm oil cultivation has gained prominence due to the 
versatility of the crop.  Therefore, the cultivation of the crop has expanded beyond 
Africa to South East Asia, since the seeds were carried over to Indonesia in 1848.  The 
seeds reached Malaysia in 1871 (Basiron & Chan, 2004 ). 
The tropical ambiance and the rich soil contributed to the success of oil palm 
plantation in Malaysia.  In 1911 and 1912, Malaysia witnessed the first commercial oil 
palm plantation, the crop began to be regarded as an important economic asset (Tate, 
1996). The development of palm oil industry can be divided into three phases; the 
experimental phase (1895 to 1916), the plantation development phase (1917 to 1960) 
and the expansion phase that is currently in place.  Palm oil cultivation has been 
significantly advantageous to Malaysia.  It has contributed to the economy by being a 
successful export as well as means of livelihood for about 0.3 million families employed 
in various land schemes and palm oil lands (Abdeghameed, 2005). 
An important development in palm oil cultivation was the increase in planted 
areas.  In 1960, the total planted area was 54,638 hectares.  This has rapidly expanded in 
40 years to reach 3,376,664 hectares in 2000 (Salmiah, 2000).  A rapid increase in crude 
palm oil products as well as exports in Malaysia occurred in 1979, in order to enhance 
the national income increase employment opportunities.  To boost research and 
development, the Palm Oil Research Institute of Malaysia (PORIM) was established in 
1979 to enable expansion of palm oil cultivation.  Subsequently, PORIM merged with 
the Palm Oil Registration and Licensing Authority (PORLA) in 2000 to form the 
Malaysia Palm Oil Board (MPOB). 
Today, Malaysia is one of the leading producers and exporters of palm oil in the 
world, contributing to 49.5% of the world’s palm oil production and 64.5% of global 
exports according to the Malaysian Palm Oil Board Survey in 2004. 
 
Figure 1.1: Transportation of fresh fruit bunches 
1.2 Palm oil processing 
Try Recently, a considerable growth in the palm oil industry has been recorded in 
Malaysia due to the increase in planted area.  Malaysia has become a leading producer 
and exporter of palm oil in the world, overtaking Nigeria in 1971 (Yusoff, 2006). Palm 
oil is essentially a national wealth.  However, the rapid increase in palm oil plantations 
has been putting a strain on the environment due to the waste of the oil extracting 
process as well as the gas emissions from the subsequent treatment of mill effluents.  
The typical processes for extracting the crude palm oil (CPO) are illustrated in Figure 
1.2. 
 
Figure 1.2: Crude palm oil extraction process 
The fresh fruit bunches (FFB) are harvested from the palm trees.  The bunches 
are then sent directly to the mill for processing, each FFB consists of hundreds of fruits, 
each fruit containing a nut surrounded by a bright orange pericarp from which the crude 
palm oil (CPO) is extracted (Borja & Banks, 1994a).  The FFB are sterilised at 3 bar 
pressure and 140ºC for 1.5 hrs in a unit called a steriliser.  The aims of sterilising are to 
prevent free fatty formation and prepare fruit for subsequent processing.  The steam, 
from the steriliser, is one of the fundamental sources of liquid effluent (Chow & Ho, 
2000). 
After sterilisation, the FFB passes through the bar screen of a stripper (thresher) 
after which the detached fruits are collected from the FFB.  A bucket conveyor is used to 
transport the fruit to the digester which mashes the fruit by its rotating arms.  The 
heating in this stage plays an essential role in mashing the fruit. 
After the digestion process, a twin screw presses the digested mash to extract the 
CPO under high pressure.  In order to enhance the continuous flow of oil, it is necessary 
to add hot water.  Later, the CPO is discharged to the clarification system to purify and 
separate the oil.  After this stage, the nut and fibre are carried to the depericarper for 
separation.  The contents of CPO extracted from the crew presses represent: (35-45%) 
palm oil, (45-55%) water, in addition to some fibrous materials in varying forms. 
Through the clarification stage, these materials are pumped for separation and they pass 
through a very high speed centrifuge and a vacuum drier before disposal to the storage 
tank (Chow & Ho, 2000). 
The final unit is the hydrocyclone which separates the kernels and shells.  The 
discharged wastewater from this unit represents the last form of wastewater and is 
known as palm oil mill effluent (POME). 
1.3 Problem statements 
The economical progress in Malaysia owes a large part to the wide growth of palm oil 
plantations, where Malaysia is now one of the largest producers (11.9 million tonnes 
annually) for this crop (Idris et al., 2010).  However, it is estimated that for 1 tonne of 
CPO produced, 5-7.5 tonnes of water are required, and more than 50% of the water will 
end up as POME (Ahmad et al., 2003).  Raw POME is characterised as liquid 
wastewater, brownish in colour, non toxic, with unpleasant odour, colloidal suspension 
of 95-96% water, 0.6-0.7% oil and 4-5% total solids (Idris et al., 2010), and having a 
high temperature ranging between (80-90ºC) (Ahmad et al., 2003; Yacob et al., 2006).  
Directly discharging a high strength effluent such as POME to the main drainage can 
cause high environmental damage.  In fact, the discharge regulations of POME as well 
as the exercising of other environmental controls, the Environmental Quality (Prescribed 
Premises) (Crude Palm Oil) Order, 1977 and the Environment Quality (Prescribed 
Premises) (Crude Palm Oil) Regulations, 1977, were promulgated under the 
Environmental Quality Act, 1974 (Ahmad et al., 2003).  Therefore, it is believed that 
more efficient treatment is highly required to achieve that demand. 
 Various high rate anaerobic reactors have been examined for POME treatment in 
the laboratories including the Anaerobic Filter (AF), the Anaerobic Baffled Reactor 
(ABR), the Membrane Anaerobic System (MAS), Fluidized Bed Reactor (FBR), 
Immobilised Cell Reactor (ICR), and the Hybrid Up-flow Anaerobic Sludge Blanket 
(HUASB) reactor (Poh & Chong, 2009).  However, there is still a need to reveal the 
effect of some operational parameters (temperature and organic loading rate) on the 
anaerobic treatment process.  Therefore, this research using the HUASB reactor 
attempted at investigating the influence of temperature on the treatment efficiency of the 
system. 
1.4 Objectives 
The main objective of this study is to investigate the feasibility of HUASB reactor, 
packed with OPS filter media material, for the biological treatment of POME.  
Moreover, the specific objectives are presented as follows: 
a) To study the efficiency of HUASB reactor treating POME. 
b) To study the effect of using OPS as filter media as compared to fine gravel (FG) 
material. 
c) To study the effect of temperature on treatment efficiency of the whole treatment 
system. 
d) To investigate the development of sludge bed granules as the main agent of 
wastewater treatment. 
1.5 Scope of work 
This research involves an extensive laboratory investigation that include study on the 
feasibility of using OPS as filter packing material, the treatment of wastewater under 
various temperatures and the examination of sludge development in the reactors.  The 
scopes of this study are as follows: 
a) Operation of three laboratory scale HUASB reactors namely, R1, R2 and R3 in 
order to treat POME for long term operation (233 days). 
b) Two types of filter packing materials of OPS and FG were used in the reactors 
R3 and R2, respectively. 
c) A wide range of temperatures (37-61ºC) was applied to R3 to assess the 
temperature influence on the treatment of POME. 
d) The seed sludge used for the microorganisms’ growth process was collected from 
anaerobic pond of palm oil mill treatment units. 
e) Raw OPS packing material used was ranging in diameter sizes between 0.8 to 2.6 
cm. 
f) For assessing the reactor performance, several parameters include  pH, chemical 
oxygen demand (COD), total solids (TS), total suspended solids (TSS), volatile 
suspended solids (VSS), total nitrogen (TN), total phosphorus (TP), colour and 
turbidity were monitored during the run of experiment. 
g) A series of operational conditions (OLRs and HRTs) were implemented to assess 
the reactor performance as well as effectiveness. 
h) A thorough examination of the material characteristics, the influent and effluent 
quality and the sludge bed development was conducted to assess the feasibility of 
POME treatment by the use of HUASB reactors. 
1.6 Expected results 
The study aims to provide an alternative method of POME primary treatment that may 
be implemented for a full-scale anaerobic pilot in palm oil plantations in Malaysia while 
making use of the oil palm shell as an available filter media type. 
1.7 Thesis outline 
This research is investigating the anaerobic treatment of POME using the HUASB 
reactor and the effects of temperature and types of filter media on the treatment 
efficiency.  Chapter 1 presents general introduction, including a problem statement, 
objectives of the study, scope of work, expected results and thesis layout.  Chapter 2 
presents a general literature review covering the topics of history of anaerobic 
wastewater treatment, POME properties and treatment technologies, anaerobic filter, 
UASB technology, HUASB reactor and its implementation, anaerobic sludge 
granulation, controlling factors for anaerobic reactors and their advantages and 
disadvantages.  Chapter 3 is presenting the used methodology of treating POME using 
three HUASB reactors with several operational conditions.  Chapter 4 is presenting the 
significant results and discussions of treating POME in terms of material characteristics, 
reactor performance and sludge bed development.  Chapter 5 presents a general 
conclusion, recommendations and future works. References and appendices are attached 
at the end of the thesis. 
CHAPTER 2 
LITERATURE REVIEW 
2.1 Anaerobic wastewater treatment 
The concept of anaerobic wastewater treatment was initially implemented around one 
hundred years ago, where the first invention of the septic tank system (Mouras automatic 
scavenger 7) has been reported by Wang (1994).  Several investigations have followed in 
the past few decades to enhance the anaerobic treatment efficiency and its range of 
applicability as well (Abbasi et al., 2012).  However, one of the main problems with 
using anaerobic systems is the long term start-up operation.  That is mainly because of 
the long hydraulic retention time to prevent sludge wash out.  Therefore, the introduction 
of the anaerobic filter in 1968 was useful in terms of reducing the start-up of the reactor 
operation by providing attach growth making use of the anaerobic filter support material 
for bacterial adherence (Alkalay et al., 1997). 
  Recent research conducted by Leita˜o et al. (2006) has endeavoured to produce a 
more efficient reactor for the anaerobic treatment of wastewater, with new technologies 
being introduced that proved successful in operation and removal.  Anaerobic wastewater 
treatment processes are still the most popular treatment methods especially in tropical 
countries (van Lier, 2008).  It has been implemented for various types of wastes, 
especially high rate wastewater which is the main composition of industrial wastewater 
(Lettinga et al., 2000).  In the Netherlands, more than 2266 full-scale anaerobic treatment 
units have been successfully operated (van Lier, 2008).  Key to this success of anaerobic 
wastewater treatment is mostly attributed to its low production of sludge as well as its 
generation of energy in a form of biogas (Leita˜o et al., 2006; van Lier, 2008).  Figure 2.1 
shows the application of anaerobic system for the treatment of wastewater in Japan. 
 
Figure 2.1: Anaerobic wastewater treatment plant (Takuma, 2005) 
The development of the use of anaerobic wastewater treatment was started in the 
Netherlands in 1978, where the up-flow anaerobic sludge blanket (UASB) system was 
first used by Dr. Lettinga for treating wastewater in a sugar refinery.  Subsequently, it has 
been implemented in treatment of wastewater in the beverage industry, distilleries, 
fermentation, food industry and the paper industry.  In addition, the use of anaerobic 
technology has been expanded and comprises of the treatment of chemical and 
petrochemical industry effluents (Abbasi et al., 2012). 
The UASB concept is also considered highly suitable for domestic wastewater 
treatment especially in warm climates in tropical countries.  Over the past two decades, 
the UASB technology has been commonly used, due to its all-round performance for 
high-low organic content wastewater treatment.  The key factor that ensures high 
performance in anaerobic reactors is the right selection of operational conditions 
(Schmidt & Ahring, 1996).  Therefore, the success of the anaerobic processes totally 
depends on the operational parameter. 
In fact, two main categories of wastewater treatment for the treatment of high 
strength wastewater like POME are the anaerobic treatment and the aerobic treatment.  
Figure 2.2 illustrates the main process of each type.  It can be seen that if POME is 
treated aerobically, an excessive sludge is produced. It can be expected that the sludge 
produced in the aerobic treatment may contain around half of the initial wastewater due 
to the fact that POME contains high range of solids of around 11,500-79,000 mg.L-1. This 
large amount of sludge needs further treatment which establishes the need for anaerobic 
treatment. 
 
Figure 2.2: The main process description of aerobic and anaerobic treatment of 
wastewater (Singh, 1999) 
2.2 Anaerobic treatment principles and mechanisms 
It is believed that such a lack of dissolved oxygen (DO) in wastewater would likely let 
specific organisms acting to digest organics.  Various kinds of organisms anaerobically 
degrade the complex organics into their simple compounds (Shin et al., 2011).  The 
conversion of very complex organics (carbohydrates, proteins and lipids), can be 
achieved through four main phases, namely hydrolysis, acidogenesis, acetogenesis and 
methanogenesis, with each phase acting with specific organisms. 
 There should be equilibrium of the phases on which organics are broken down 
into their final products (CH4 and CO2).  For instance, if acidogenesis outcompetes the 
other phases, the reactor tends to sour due to the excessive acetic acids produced by the 
acidogenic organisms (Lettinga et al., 2000).  The other phases have a similar tendency, 
with each phase being complementary to the other.  Figure 2.3 illustrates the conversion 
steps of organics during the anaerobic treatment of wastewater. 
 
Figure 2.3: The biodegradation of wastewater compounds during the anaerobic process of 
wastewater treatment (Singh, 1999) 
 
 The anaerobic principle varies from the aerobic principle in that it occurs in the 
absence of DO.  Aerobic reactions, in which oxygen act as the electron acceptor, cannot 
take place in such conditions.  The conversion of large complex organics into smaller 
compounds such as methane is believed to occur according to the following anaerobic 
overall equation (Equation 2.1) (Krishnan, 2009). 
 
 In fact, the process of anaerobic digestion involves many chemical exchanges 
affected by the physical changes as well as the environmental circumstances 
(Alimahmoodi, 2004).  Nonetheless, Lettinga et al. (2000) have specifically divided 
anaerobic digestion into six separate processes listed below. 
a) Hydrolyses of biopolymers such as proteins, carbohydrates and lipids. 
b) Fermentation of amino acids and sugars. 
c) Anaerobic oxidation of long chain fatty acids and alcohol. 
d) Anaerobic oxidation of intermediary products such as volatile acids, except 
acetate. 
e) Conversion of acetate to methane. 
f) Conversion of hydrogen to methane. 
 
 
 
 
 
 
 
 
 
2.2.1 Hydrolysis 
The initial step in the anaerobic process is hydrolysis, which is responsible for the 
conversion of particulate matter to soluble compounds, which can in turn be hydrolysed 
further to simple monomers that are used by bacteria to perform fermentation (Yan et al., 
2011).  This step is essential to allow the organics to pass through the bacterial cell walls 
to be used as energy for adequate metabolisms (Krishnan, 2009).  Moreover, it has been 
defined as the first order process and the rate limiting step, on which the degradable 
soluble COD will be available (Graaff et al., 2010).  This could be achieved by the 
excrement of extra-cellular and hydrolytic enzymes.  Hydrolysis step involves the 
biodegradation of carbohydrates, proteins and lipids into simpler compounds like fatty 
acids, amino acids and sugars.  It is suggested that COD removal does not occur during 
the hydrolysis of organics (Maier et al., 2000). 
2.2.2 Acidogenesis 
The second step in anaerobic biodegradation is known as acidogenesis, which involves 
the conversion of the complex organic matter that has been hydrolysed (including long 
chain organic acids, sugars and amino acids) to CO2, H2, NH3, carbon acids and alcohol.  
The organic substances serve the function of both electron acceptors and donators.  The 
main category of bacteria that contribute in this phase is the acidogens, which include a 
wide variety of organisms.  This phase of the anaerobic biodegradation could be mediated 
by facultative and/or obligate bacteria.  Previous studies have reported that the obligate 
anaerobes form the larger portion of the acidogenic bacteria as compared to the 
facultative anaerobes (Maier et al., 2000).  In this phase, COD removal may depend on 
the conversion of soluble organics to biomass and to gases in the form of carbon dioxide 
(CO2) and hydrogen (H2) (Krishnan, 2009). 
2.2.3 Acetogeneses 
This phase can be considered an extension of acidogenesis.  It involves the oxidation of 
the rest of the long chain fatty acids (propionate and butyrate) which are not converted in 
the acidogeneses phase.  Additionally, several carbon atom acids are degraded to acetate, 
whereas odd number carbon acids are degraded to acetate and hydrogen ion (H+).  In this 
phase, there is no organic stabilisation but only a change in the form of the organics 
(Krishnan, 2009).  The main products of this phase are the acetic acid, CO2 and H2. 
2.2.4 Methanogeneses 
The third phase in the anaerobic biodegradation of wastewater is methanogenesis. This 
phase is responsible for the conversion of the last product of acetate and H2 to biogas.  
There are two main categories of methanogens (methanogesis organisms) that are 
responsible for this, namely aceticlastic methanogens and hydrogen utilising 
methanogens.  The aceticlastic methanogens are responsible for splitting the acetate into 
methane and carbon dioxide as in the following reaction (Equation 2.2) (Metcalf & Eddy, 
2003). 
 
The hydrogen utilising methanogens use the hydrogen as electron donor and 
carbon dioxide as the electron acceptor for the process of methane production.  Methane 
fermentation can be considered a crucial sub process in the anaerobic biodegradation of 
wastewater.  In this phase, the stabilisation of organics can be attributed to the conversion 
of acetic acid to methane.  Generally, about 72% of methane produced in an anaerobic 
process is from acetate formation (Metcalf & Eddy, 2003).  The rest 28% is contributed 
by the reduction of carbon dioxide using hydrogen as the energy source by carbon 
dioxide reducing bacteria as shown in Equation 2.3 (Krishnan, 2009). 
 2.3 POME properties 
The palm oil mill effluent (POME) has a high organic content of more than 50,000 mg/L 
chemical oxygen demand (COD) (Hassan et al., 2004).  Generally, the raw POME is 
liquid, brownish in colour, non toxic, has unpleasant odour, colloidal suspension, and has 
high temperature ranging between (80-90) ºC.  It consists of 95%-96% water, 0.6-0.7% 
oil, and 4%-5% solids including suspended and volatile solids (Borja & Banks, 1994a). 
The palm oil mill approximately discharges 1.5 tonnes of wastewater as a result of 
processing 1 tonne of FFB (Ahmad et al., 2003).  This amount of wastewater is generated 
from the three palm oil production processes, i.e., steriliser condensate, separator sludge 
(clarification wastewater) and hydrocyclone wastewater. 
The three processes vary in waste disposal, with the steriliser effluent mostly 
containing a significant amount of organic content in the form of chemical oxygen 
demand (COD) and biochemical oxygen demand (BOD).  The clarification sludge 
contains the highest level of solids and unrecovered oil and grease compared to the other 
processes. The hydrocyclone effluent consists of a considerable amount of degradable 
organic matter (Hassan et al., 2004). Each of these processes generates the POME (Table 
2.1). 
 The characteristics of raw POME vary due to the operation and quality control of 
individual mills (Basiron & Chan, 2004 ).  Treatability of POME has been examined with 
a wide range of technologies and approaches.  Owing to its properties, POME can be 
easily treated using a biological approach.  Due to its high organic and mineral content, 
POME may be considered a suitable feeder for the sludge bed microorganisms. 
Table 2.1: Characteristics of POME and its respective standard discharge limit by DOE 
(Ahmad et al., 2003) 
General parameters Concentration Standard limit 
PH 4.7 5-9 
Oil & grease 4,000 50 
Biochemical oxygen demand (BOD3) 25,000 100 
Chemical oxygen demand (COD) 50,000 - 
Total solids (TS) 40,500 - 
Suspended solids (SS) 18,000 400 
Total Nitrogen (TN) 750 150 
 Note: all the parameter units are measured in mg/L except PH 
 
2.4 POME treatment technologies 
Due to its high organic and mineral content, Lettinga et al. (2000) reported that the 
excessive amount of organic materials in wastewater can be treated successfully by using 
biological treatment methods.  Previous studies have verified the vital role of 
microorganisms in digesting the high organic materials (Vijayaraghavan et al., 2007). 
Generally, the suitable method for POME treatment is anaerobic treatment due to the low 
nutrient content in POME to be aerobically treated.  However, this small amount of 
nutrient has been considered more than sufficient for the anaerobic biodegradation 
process (Irvan et al., 2012).  Nonetheless, various methods including the aerobic process 
have been employed in POME treatment.   
2.5 Anaerobic filter (AF) 
Anaerobic reactors such as anaerobic filter reactors depend on the natural tendency of 
mixed microbial populations that can even attach and accumulate at the surface of filter 
elements (support materials).  Microorganisms that adhere to the support material 
surfaces grow, reproduce and produce extracellular polymeric (ECP) substances that 
normally extend from the cells themselves, forming the gelatinous matrix called a 
biofilm.  It has been reported that bacterial attachment is mediated by polymeric material, 
primarily polysaccharide, which extends from the cell to form a tangled mass of fibres, 
termed a glycocalyx.  The accumulation and persistence of a bio-film is the net result of 
several physical and biological processes that occur simultaneously, although their 
relative rates change through the various stages.  In the anaerobic filter reactor, the 
packing is fixed and the wastewater flows up through the interstitial spaces between the 
packing and bio-growth.  While the first anaerobic filter processes were packed with 
rock, a variety of designs employing synthetic plastic packing are being used currently.  
A large portion of the biomass responsible for treatment in the up-flow attached growth 
anaerobic processes is loosely held in the packing void spaces and not just attached to the 
packing material (Metcalf & Eddy, 2003). The anaerobic filter is filled out with support 
materials arranged in sheet, ring, sphere or random configurations which provide the best 
conditions for microbial attachment in the form of biofilm.  The reactor may be operated 
in up-flow or down-flow mode (Bodǐk et al., 2000).  In an up-flow filter, the packing bed 
is fully submerged.  The down-flow can work either submerged or non-submerged.  The 
up-flow anaerobic filter is basically a contact unit, in which wastewater passes through a 
mass of biological solids contained inside the reactor by a support medium (Krishnan, 
2009). The biomass of the anaerobic filter reactor can be as the following: 
a) Biomass attached to the support media’s surface. 
b) Biomass entrapped within the media matrix. 
c) Biomass held as a granulated or flocculated sludge mass underneath the media. 
Regarding the start-up of anaerobic reactors, it has been indicated that more time 
is consumed for best start-up, and disturbances are more than in aerobic reactors 
(Ramakrishnan & Gupta, 2006).  The start-up of the anaerobic filter is still considered a 
major area of research.  Many researchers have reported long start-up periods of 2-3 
months to 1 year (or even more) for the anaerobic reactors.  Accordingly, it has been 
reported that long duration of start-up period is a major drawback of the anaerobic 
wastewater treatment systems.  Therefore, considerable efforts have been made to study 
the granulation process but the mechanisms involved in the formation of sludge granules 
are still unknown.  A better understanding of the factors affecting biomass aggregation 
and adhesion, the two main mechanisms of biomass retention, could make the start-up 
more efficient and rapid.  Table 2.2 shows some studies that have been performed using 
the anaerobic filter reactors. 
Table 2.2: Previous studies conducted on the anaerobic filter (Poh & Chong, 2009) 
Wastewater Operating 
OLR kg.m-3. 
day-1
COD removal  
 (%) 
Methane  
composition 
(%) 
Reference 
Slaughterhouse 
wastewater 
1.0–6.5 79.9 51.1 (Ruiz et al., 1997) 
POME 1.2–11.4 94.0 63.0 (Borja & Banks, 
1994b) 
Baker’s yeast factory 
effluent 
1.8–10.0 69.0 65.0 (van der Merwe & 
Britz, 1993) 
Distillery wastewaters 0.42–3.4 91.0 63.0 (Russo et al., 1985) 
Landfill leachate 0.76–7.63 90.8 - (Wang & Banks, 2007) 
2.5.1 Support materials role in AF 
The main purpose of packing the anaerobic filters with support materials is to retain 
solids inside the reactor, either by the biofilm formation on the surface of the support 
materials or by the retention of solids in the interstices of the medium or below it.  
Specifically, the purposes of the packing media can be listed as follows (Krishnan, 2009): 
a) Acting as a device to separate solids from liquid. 
b) Helping to promote a uniform flow in the reactor. 
c) Improving the contact between the components of the influent wastewater and the 
biological solids contained in the reactor. 
d) Allowing the accumulation of high amount of biomass, with a consequently 
increased solids retention time. 
e) Acting as a physical barrier to prevent solids from being washed out from the 
treatment system. 
Various types of materials have been used as packing media in biological reactors 
including quartz, ceramic blocks, oysters and mussel shells, limestone, plastic rings, 
hollow cylinders, PVC modular blocks, granite, polyethylene balls and bamboo.  The 
packing media have been designed to occupy considerable volume of the reactor to reach 
approximately 50 to 70% of the total volume of the reactor.  Today, there are different 
types of plastic packing media available in the market, ranging from corrugated rings to 
corrugated plate blocks.  The specific surface areas of these plastic materials usually 
range from 100 to 200 m2.m¯3 (Krishnan, 2009).  Some types of packing media are more 
efficient than others in the retention of biomass.  The final choice depends on the specific 
local conditions, economic considerations and operational factors. 
The requirements for good packing media of anaerobic filter are: a) the large 
surface area on which high biomass is attached at the surface of the support materials; b) 
high porosity and therefore larger area for more bacterial interior accumulation; c) rough 
surface on which bacterial attachment to the surface of support materials is easier, and; d) 
easy to make the full-scale application of the system feasible.  Elmitwalli et al. (2000) 
indicated that specific surface area, porosity, surface roughness, pore size and orientation 
of the packing material are important factors influencing the anaerobic filter reactor 
performance.  High surface area and porosity, large pore size and rough surface area for 
packing material would mostly improve the performance of an AF reactor. 
2.5.2 Development of AF 
As mentioned previously, the introduction of anaerobic filter (AF) dates back to the late 
1960s, with a growing application since that time for treatment of both domestic 
wastewater and a diversity of industrial effluents.  Two important developments in the 
application of anaerobic processes are the development of the anaerobic contact process 
and the development of the anaerobic filter (Krishnan, 2009).  The key concept of both 
processes relates to the ability to control mean cell retention time (MCRT) independently 
of hydraulic retention time.  This feature permits anaerobic treatment at lower 
temperatures.  Moreover, it has been stated that without increasing MCRT independently 
of hydraulic retention time, very large reactor volumes are required, making anaerobic 
treatment techniques tricky.  Since heating is not required in tropical climates, low 
strength wastes, which produce only small quantities of gas per unit volume of waste 
treated, can be effectively treated by the anaerobic filter or anaerobic contact process. 
 In addition to the initial studies, the anaerobic filter has been used to treat 
different types of wastewater by numerous researchers and has been particularly popular 
for treating high strength industrial wastewater.  Fang & Chui (1994b) used the hybrid 
reactor which is the combination of the anaerobic filter (AF) and the up-flow anaerobic 
sludge blanket reactor (UASB), they have indicated treatment performance enhancement 
and better treated effluent quality. 
2.6 Up-flow anaerobic sludge blanket (UASB) reactor 
The successful operation of the UASB reactor is based on the selective ambient and 
conditions for better development of microbial communities in the sludge region of the 
reactor, to obtain high digestion for wastewater which normally contains organic 
materials.  Many factors affect microbial growth including the feed pH, organic loading 
rate (OLR), reactor temperature, hydraulic retention time (HRT) and the wastewater 
concentration and content.  The UASB process was developed by Dr. Gatze Lettinga in 
the late 1970's at the Wageningen University (The Netherlands).  The UASB reactor is 
mainly classified under biological reactors due to its biological nature of treatment.  
Recently, biological treatment has obtained special attention by researchers due to its 
sustainability (Madhubabu et al., 2007).  The UASB reactor is characterised by its low 
energy demand, simple construction and high removal efficiency (Show et al., 2004; 
Arthur & Glover, 2012).  The UASB reactor has been shown to treat high rate as well as 
low rate wastewater with various kinds of pollutants.  A survey by Ganesh et al. (2007) 
investigated the greatest usage of the UASB reactor.  More than 108 studies indicate the 
relative proportion of work between 1999 and 2004 as illustrated in Figure 2.4. 
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Figure 2.4: Relative proportion of work done during 1999-2004 on the treatment of 
industrial wastewaters of different strengths by UASB reactors (Ganesh et al., 2007). 
The main factors influencing the reactor performance are: the granulation 
development in the sludge bed, the wastewater characteristics, the effect of the nutrients 
and other environmental factors.  The granulation process plays a vital role in the 
wastewater treatment process and is especially important (Fang et al., 1994a).  Various 
anaerobic pure bacteria have been used to successfully conduct the degradation processes 
in the bioreactor.  The schematic diagram of the UASB reactor is illustrated in Figure 2.5. 
 The UASB reactor was designed to treat high strength wastewater as well as the 
low strength one with considerable savings in material, energy, and equipment 
maintenance.  The UASB reactor is characterised by its high removal efficiency.  
Nonetheless, the main disadvantage of this system is represented in the long start-up 
interval of reactor for complete acclimatisation. 
 Figure 2.5: Schematic diagram of UASB reactor (Schmidt & Ahring, 1996) 
2.6.1 UASB set-up 
The up-flow anaerobic system mainly consists of a tank, pump, and gas- liquid-solid 
(GLS) separator equipment.  It is necessary to provide a suitable ambient for the 
treatment which is essential to obtain a high digestion for wastewater.  The UASB system 
has been used in tropical countries due to its high performance in warm ambience 
(Leita˜o, 2004).  Various volumes have been designed while generally implementing the 
same concepts of passing the wastewater upwards through the sludge bed where the 
microorganisms are present in order to digest the wastewater substrates.  The UASB 
reactor is designed to treat high strength wastewater which is the main composition of 
industrial wastewater, in addition to its capability of treating municipal wastewater.  The 
GLS separator was previously designed at the top of the reactor as illustrated in Figure 
2.6-(a).  The main reasons to provide UASB system with GLS were: a) to collect the 
discharged biogas properly; b) to reduce the biomass washout by entrapping particles in 
sludge blanket; c) flocculating or settling the particles; d) to decrease the turbulence 
which results from gas rising in the form of bubbles; and e) to reduce the solid content in 
the effluent.  The separation process is fundamental to the success of anaerobic digestion 
(Figure 2.6-b). 
 
Figure 2.6: (a) GLS Design, (b) GLS Process 
2.6.2 UASB start-up and operation 
Start-up should be performed according to operating conditions which include pH of 
influent, HRT, OLR, initial sludge amount, suitable temperature of treatment, and the up-
flow velocity (UV).  van Haandel et al. (2006) suggested a range for the operating 
conditions which are mentioned in Table 2.3. 
Table 2.3: Parameters suggested for first operation (van Haandel et al., 2006) 
Parameter Unit Value 
PH - 6.3-7.8 
Hydraulic retention time (HRT) hr 4-20 
Organic loading rate (OLR) kg COD. m-3. day-1 0.4-3.6 
Sludge charge - (10-30)% 
Temperature °C 20-55 
Up-flow velocity (UV) m.hr-1 0.2-1 
  
 The start-up period continues until it reaches steady-state operation, which is 
recognised by its stability (stable operation), with the changes in removal efficiency 
being below 10%.  The duration to reach steady-state ranges around 3-8 weeks and 
totally depends on the operational variables.  Controlling the system is necessary to 
monitor COD in and out. 
2.6.3 UASB improvement and evolution  
Previously, the understanding of the UASB reactor was limited to its treatment of high 
rate organic wastewater.  But various researchers have demonstrated the feasibility of the 
UASB reactor to treat municipal wastewater.  Tiwari (2005) tested the low rate 
wastewater and under the low loading rate of 1.48 kg COD.m-3.d-1, showed a high 
removal efficiency of 95%.  However, in order to expand and develop the application of 
the UASB reactor, new ideas have been studied and practically implemented.  It has also 
been recommended to adding natural ionic acids for treating very strong wastewater in 
order to enhance the digestion process by providing support material.  This was 
implemented by Leal et al. (2006) who treated oil and grease of dairy plantation effluents 
by using hydrolytic enzyme as a removal assistant factor for the oil and grease. A good 
COD removal efficiency of 90% was recorded.  It has been indicated that adding a filter 
to the UASB system accelerated the process and enhanced the digestion of reactor.  This 
modification is called Hybrid Up-flow Anaerobic Sludge Blanket (HUASB).  Yu et al. 
(2000) reported in attempting to enhance and increase the sludge granules size in UASB 
reactor, the possibilities of adding natural or artificial materials in order to obtain much 
larger granules.  Enhancement and development of UASB reactor has been done in order 
to expand the use of the reactor. 
 
 
REFERENCES 
Abbasi, T., Tauseef, S.M. & Abbasi, S.A. (2012). Biogas Capture from wastewaters: the 
high-rate anaerobic digesters. Biogas Energy, 2, pp.63-104. 
Abdeghameed, A.A. (2005). An econometric study of palm oil import demand in the 
Middle East and North African countries. Universiti Putra Malaysia: Ph.D. 
Thesis. 
Agamuthu, P. (1999). Specific biogas production and role of packing medium in the 
treatment of rubber thread manufacturing industry wastewater. Bioprocess and 
Biosystems Engineering, 21(2), pp.151-155. 
Ahmad, A., Ghufran, R. & Wahid, Z.A. (2011). Role of calcium oxide in sludge 
granulation and methanogenesis for the treatment of palm oil mill effluent using 
UASB reactor. Journal of Hazardous Materials, 198, pp.40-48. 
Ahmad, A.L., Ismail, S. & Bhatia, S., (2003). Water recycling from palm oil mill effluent 
(POME) using membrane technology. Desalination, 157, pp.87-95. 
Ahn, Y.H. (2000). Physicochemical and microbial aspects of anaerobic granular 
biopellets. Journal of  Environmental  Science and Health, 35(9), pp.1617–1635. 
Alimahmoodi, M. (2004). CO2 capture and bioconversion to biogas in an anaerobic 
system using an UASB reactor. Concordia University: Master's Thesis. 
Alkalay, D., Guerrero, L., Chamy, R. & Schiappacasse, M. (1997). Microbial adherence 
studies for anaerobic filters. Bioprocess Engineering, 16(6), pp.311-314. 
Alphenaar, P.A., Visser, A. & Lettinga, G. (1993). The effect of liquid upward velocity 
and hydraulic retention time on granulation in UASB reactors treating wastewater 
with a high sulphate content. Bioresource Technology, 43(3), pp.249-258. 
Al-Shayah, M. & Mahmoud, N. (2008). Start-up of an UASB-septic tank for community 
on-site treatment of strong domestic sewage. Bioresource Technology, 99(16), 
pp.7758–7766. 
Alvarez, J.A., Armstrong, E., Gomez, M. & Sotoa, M. (2008). Anaerobic treatment of 
low-strength municipal wastewater by a two-stage pilot plant under psychrophilic 
conditions. Bioresource Technology, 99(15), pp.7051–7062. 
Anushuya, R. & Sudhir, K.G. (2008). Effect of hydraulic retention time on the 
biodegradation of complex phenolic mixture from simulated coal wastewater in 
hybrid UASB reactors. Journal of Hazardous Materials, 153(1-2), pp.843–851. 
APHA. (1998). Standard methods for the examination of water and wastewater. 20th ed. 
Washington, USA: DC. 
Arthur, R. & Glover, K. (2012). Biomethane potential of the POME generated in the 
palm oil industry in Ghana from 2002 to 2009. Bioresource Technology, 111, 
pp.155–160. 
ASTM (1988). Standard test method for specific gravity and absorption of coarse 
aggregate. West Conshohocken, United States: C 127. 
ASTM (1997a). Standard test method for bulk density (“unit weight”) and voids in 
aggregate. West Conshohocken, United States: C 29/C 29M. 
ASTM (1997b). Standard test method for density, absorption, and voids in hardened 
concrete. West Conshohocken, United States: C 642. 
Awuah, E. & Abrokwa, K.A. (2008). Performance evaluation of the UASB sewage 
treatment plant at James town (Mudor) Accra. Proc. of the 33rd int. conf. on 
Water, Engineering and Development Centre. Accra, Ghana: Loughborough 
University. pp.322-328. 
Ayati, B. & Ganjidoust, H. (2006). Comparing the efficiency of UAFF and UASB with 
hybrid reactor in treating wood fiber wastewater. Iranian Journal of 
Environmental Health Science Engineering, 3(1), pp.39-44. 
Banu, R.J., Kaliappan, S. & Yeom, T.I. (2007). Treatment of domestic wastewater using 
upflow anaerobic sludge blanket reactor. International Journal of Environmental 
Science and Technology, 4(3), pp.363-370. 
Barjenbruch, M., Hoffmann, H., Kopplow, O. & Tränckner, J. (2000). Minimizing of 
foaming in digesters by pre-treatment of the surplus-sludge. Water Science and 
Technology, pp.235–241. 
Basiron, Y. & Chan, K.W. (2004). The Oil Palm and its Sustainability. Jurnal of Oil 
Palm Research, 16(1), pp.1-10. 
Bellouti, M., Alves, M.M., Novais, J.M. & Mota, M. (1997). Flocs vs. granules: 
differentiation by fractal dimension. Water Research, 31(5), pp.1227-1231. 
Bhunia, P. & Ghangrekar, M.M. (2007). Required minimum granule size in UASB 
reactor and characteristics variation with size. Bioresource Technology, 98, 
pp.994–999. 
Bodǐk, I., Herdová, B. & Drtil, M. (2000). Anaerobic treatment of the municipal 
wastewater under psychrophilic conditions. Bioprocess Engineering, 22, pp.385-
390. 
Borja, R. & Banks, C.J. (1994a). Anaerobic digestion of palm oil mill effluent using up-
flow anaerobic sludge blanket reactor. Biomass Bioenergy, 6, pp.381-389. 
Borja, R. & Banks, C.J. (1994b). Treatment of palm oil mill effluent by upflow anaerobic 
filtration. Journal of Chemical Technology and Biotechnology, 61, pp.103–109. 
Borja, R. & Banks, C.J. (1995). Response of an anaerobic fluidized bed reactor treating 
ice-cream wastewater to organic, hydraulic, temperature and pH shocks. Journal 
of Biotechnology, 39(3), pp.251-259. 
Chen, J. & Lun, S.Y. (1993). Study on mechanism of anaerobic sludge granulation in 
UASB reactors. Water Science and Technology, 28(7), pp.171-178. 
Choorit, W. & Wisarnwan, P. (2007). Effect of temperature on the anaerobic digestion of 
palm oil mill effluent. Research Article, 10, pp.376-385. 
Chow, M.C. & Ho, C.C. (2000). Surface active properties of palm oil with respect to the 
processing of palm oil. Jurnal of Oil Palm Research, 12(1), pp.107-116. 
CILAS (2004). Frequently asked questions on particle size Analyse by laser diffraction.. 
France: CILAS PSA 920, 1064, 1180. 
Costerton, J.W., Irving, R.T. & Cheng, K.J. (1981). The bacterial glycocalyx in nature 
and diseas. Annual Review of Microbiology, 35, pp.299-324. 
de Sousa, J.T., Vazoller, R.F. & Foresti, E. (1997). Phosphate removal in an UASB 
reactor treating synthetic substrate simulating domestic Sewage. Brazilian Journal 
of Chemical Engineering, 14(4), pp.214-219. 
Diamantis, V. & Aivasidis, A. (2010). Kinetic analysis and simulation of UASB 
anaerobic treatment of a synthetic fruit wastewater. Global Nest, 12(2), pp.175-
180. 
Dolfing, J. (1987). Microbiologic al aspects of granular methanogenic sludge. 
Agricultural University Wageningen: Ph. D. Thesis. 
Dolfing, J., Griffioen, A., Van Neerven, A.R.W. & Zevenhuizen, L.P.T.M. (1985). 
Chemical and bacteriological composition of granular methanogenic sludge. 
Canadian Jornal of Microbiol, 31, pp.744-750. 
Downing, L.S. & Nerenberg, R. (2007). Performance and microbial ecology of the hybrid 
membrane biofilm process for concurrent nitrification and denitrification of 
wastewater. Water Science and Technology, 55(8–9 ), p.355–362. 
Dubourgier, H.C., Prensier, G. & Albagnac, G. (1987). Structure and microbial activities 
of granular anaerobic sludge. microbiology and Technology, 12, pp.18–33. 
El-Mamouni, R., Leduc, R. & Guiot, S.R. (1997). Influence of the starting microbial 
nucleus type on the anaerobic granulation dynamics. Applied Microbiology and 
Biotechnology, 47, pp.189–194. 
Elmitwalli, T.A., van Dun, M., Bruning, H., Zeeman, G & Lettinga, G. (2000). The role 
of filter media in removing suspended and colloidal particles in an anaerobic 
reactor treating domestic sewage. Bioresource Technology, 72, pp.235-242. 
Fang, H.H.P., Chui, H.K. & Li, Y.Y. (1994a). Microbial structure and activity of UASB 
granules treating different wastewaters. Water Science and Technol, 30, pp.87-96. 
Fang, H.H.P. & Chui, H.K. (1994b). Comparison of start-up performance of four 
anaerobic reactors for the treatment of high-strength wastewater. Resources 
Conservation and Recycling, 11, pp.123-138. 
Fang, H.H.P., Chen, T., Li, Y.Y. & Chui, H.K. (1996). Degradation of phenol in 
wastewater in an up-flow anaerobic sludge blanket reactor. Water Research, 
30(6), p.1353–1360. 
Fátima, R.L.F., Borges, A.C., de Matos, A.T., Duarte, I.C.S., Fia, R & de Campos, L.C. 
(2010). Development of biofilm in anaerobic reactors treating wastewater from 
coffee grain processing. Revista Brasileira de, 14(2), pp.210–217. 
Flemming, H.C. & Wingender, J. (2001). Relevance of microbial extracellular polymeric 
substances (EPS )-part I: structural and ecological aspects. Water Science and 
Technology, 43(6), pp.1-8. 
Frostell, B. (1978). Influence of media properties on the loading capacity of anaerobic 
filters. Sweden: Swedish Water and Air Pollution Research Institute. Report, 
pp.22. 
Ganesh, P.S., Ramasamy, E.V., Gajalakshmi, S. & Abbasi, R.S. (2007). Studies on 
treatment of low-strength effluents by UASB reactor and its application to dairy 
industry wash waters. Indian Journal of Biotechnology , 6, pp.234-238. 
Gangagni Rao, A. Venkata Naidu, G., Krishna Prasad, K., Chandrasekhar Rao, N., 
Venkata Mohan, S., Jetty, A & Sharma, P.N. (2005). Anaerobic treatment of 
wastewater with high suspended solids from a bulk drug industry using fixed film 
reactor (AFFR). Bioresource. Technology., 96(1), pp.87-93. 
Ganidi, N. & Tyrrel, S. (2009). Anaerobic digestion foaming causes – A review. 
Bioresource Technology, 18, pp.5546–5554. 
Graaff, M.S.D., Temmink, H., Zeeman, G. & Buisman, C.J.N. (2010). Anaerobic 
treatment of concentrated black water in a UASB reactor at a short HRT. Water, 
2, pp.101-119. 
Habeeb, G.A. & Fayyadh, M.M. (2009). Rice husk ash concrete: the effect of rha average 
particle size on mechanical properties and drying shrinkage. Australian Journal of 
Basic and Applied Sciences, 3, pp.1616-1622. 
HACH (2000). DR/2010 Spectrophotometer procedures manual. United State: Hach 
Company, Manual. 
HACH (2005). DR/5000 spectrophotometer procedures manual. United State: Hach 
company, Manual. 
Hang, S.S. & Byeong, C.P. (1990). Improved performance of upflow anaerobic sludge 
blanket (UASB) reactors by operating alternatives. Biotechnology Letters, 12(6), 
pp.469-474. 
Hassan, M.A., Yacob, S & Shirai, Y. (2004). Treatment of Palm Oil Wastewaters. In 
Wang, L. K., Hung, Y., Lo, H. H., Yapijakis, C. Handbook of Industrial and 
Hazardous Wastes Treatment. New York: Marcel Dekker, Inc., pp.719-35. 
Heard, J., Harvey, E., Johnsona, B.B., Wellsa, J.D & Angove, M.J. (2008). The effect of 
filamentous bacteria on foam production and stability. Biointerfaces , 63(1), 
pp.21-26. 
Herumurti, W., Mohamed, I.H. & M, S.R. (2008). Treatment of pharmaceutical 
wastewater using mesophilic UASB and hybrid UASB reactors. Proc. of the 4th 
Int. Conf. on Sustainable Water Environment Innovative Technologies and Energy 
Efficient Solutions. Singapore: pp.214-219. 
Hug, T. (2006). Characterization and Controlling of Foam and Scum in Activated Sludge 
Systems. Swiss Federal Institute of Technology Zurich: Ph.D. Thesis. 
Hulshoff Pol, L.W. (1989). The phenomenon of granulation of anaerobic sludge.  
Agricultural University of Wageningen: Ph.D. Thesis. 
Hulshoff Pol, L.W., Lopes, S.I.D., Lettinga, G. & Lens, P.N.L. (2004). Anaerobic sludge 
granulation. Water Research, 38(6), pp.1376–1389. 
Hwang, P.C. & Cheng, S.S. (1991). Treatment of p-cresol with a recirculating UASB 
reactor using the concept of kinetic control. Water Science and Technology, 24, 
pp.133–140. 
Idris, M.A., Jami, M.S. & Muyibi, S.A. (2010). Tertiary treatment of biologically treated 
palm oil mill effluent (POME) using UF membrane system: effect of MWCO and 
transmembrane pressure. International Journal of Chemical and Environmental 
Engineering, 1(2), pp.108-112. 
Irvan, Trisakti, B., Wongistani, V. & Tomiuchi, Y. (2012). Methane emission from 
digestion of palm oil mill effluent (POME) in a thermophilic anaerobic reactor. 
International Journal of Science and Engineering, 3(1), pp.32-35. 
Ji, G.D., Sun, T.H., Ni, J.R. & Tong, J.J. (2009). Anaerobic baffled reactor (ABR) for 
treating heavy oil produced water with high concentrations of salt and poor 
nutrient. Bioresource Technology, 100, pp.1108-1114. 
Jose, B.C., Karina, B. & Pedro, L. (2010). Treatment of phenol in an anaerobic fluidized 
bed reactor (AFBR): continuous and batch regime. Biodegradation, 21, pp.603-
613. 
Kalyuzhnyi, S., Estrada de los Santos, L. & Rodriguez Martinez, J. (1998). Anaerobic 
treatment of raw and preclarified potato-maize wastewaters in a UASB reactor. 
Bioresource Technology , 66(3), pp.195–199. 
Karim, K., Klasson, K.T., Hoffmann, R., Drescher, S.R., de Paoli, D.W & Al-Dahhan, 
M.H. (2005). Anaerobic digestion of animal waste: effect of mixing. Bioresource 
Technology, 96, pp.1607–1612. 
Kim, J.K., Oh, B.R., Chun, Y.N. & Sim, S.W. (2006). Effects of temperature and 
hydraulic retention time on anaerobic digestion of food waste. Journal of 
Bioscience and Bioengineering, 102(4), pp.328-332. 
Krishnan, K., (2009). Feasibility study of upflow anaerobic filter for pretreatment of 
municipal wastewater. National University of Singapore: Master's Thesis. 
Latif, M.A., Ahmad, A., Ghufran, R. & Wahid, Z.A. (2012). Effect of temperature and 
organic loading rate on upflow anaerobic sludge blanket reactor and CH4 
production by treating liquidized food waste. Environmental Progress and 
Sustainable Energy, 31(1), pp.114–121. 
Leal, M., Freire, D., Cammarota, M. & Sant’Anna Jr, G. (2006). Effect of Enzymatic 
Hydrolysis on Anaerobic Treatment of Dairy Wastewater. Process Biochemistry, 
41(5), pp.1173-1178. 
Leita˜o, R.C. (2004). Robustness of UASB reactors treating sewage under tropical 
conditions. Wageningen University: Ph.D. Thesis. 
Leita˜o, R.C., van Haandel A, C., Zeeman, G. & Lettinga, G. (2006). The effects of 
operational and environmental variations on anaerobic wastewater treatment 
systems. Bioresource Technology, 97, pp.1105-1118. 
Lettinga, G., Hulshoff Pol L, W.H. & Zeeman, G. (2000). Anaerobic Wastewater 
Treatment. In Henze, M. Biological Wastewater Treatment. The Netherlands: 
Wageningen University. pp.200-215. 
Lew, B., Tarre, S., Belavski, M. & Green, M. (2004). UASB reactor for domestic 
wastewater treatment at low temperatures: a comparison between a classical 
UASB and hybrid UASB-filter reactor. Water Science and Technology, 49(11–
12), pp.295-301. 
Liu, C.F., Yuan, X.Z., Zeng, G.M., Li, W.W & Li, J. (2008). Prediction of methane yield 
at optimum pH for anaerobic digestion of organic fraction of municipal solid 
waste. Bioresource Technology, 99(4), pp.882–888. 
Loftus, T. (2003, June 17). Nitrogen in wastewater. Lagon Systems in Maine. Retrieved 
February 12, 2011, from  HYPERLINK "http://www.lagoonsonline.com/laboratory‐
articles/nitrogen‐part2.htm" http://www.lagoonsonline.com/laboratory-
articles/nitrogen-part2.htm .
MacLeod, F.A., Guiot, S.R. & Costerton, J.W. (1990). Layered structure of bacterial 
aggregates produced in an upflow anaerobic sludge bed and filter reactor. Applied 
Environmental and Microbiology, 56(6), p.1598-1607. 
Madhubabu, S., Mathava, K., Ligy, p. & Venkobachar, C. (2007). Treatment of 
carbofuran-bearing synthetic wastewater using UASB process. Environmental 
Science and Health, 42(2), pp.189–199. 
Maier, R.M., Pepper, I.L. & Gerba, C.P. (2000). Environmental Microbiology. San 
Diego, CA: Academic Press. 
Malakahmad, A., Zain, S.M., Ahmad Basri, N.E., Mohamed Kutty, S.R & Isa, M. H. 
(2009). Identification of anaerobic microorganisms for converting kitchen waste 
to biogas. Proc. of the Int. Conf. on Ecological and Engineering and Technology. 
Thailand: World Academy of Science. pp.1336-1341. 
Mara, D. & Horan, N., (2003). The Handbook of Water and Wastewater Microbiology. 
San Diego, California: Elsevier. 
Metcalf & Eddy. (2003). Wastewater Engineering, Treatment, Disposal and Reuse. 4th 
ed. New York, USA: McGraw-Hill. 
Mohd Noor, M.J.M., Ahmad, J. & Abdul Halim, G. (1989). POME treatment utilizing 
high-rate hybrid anaerobic reactor. Journal of Islamic Academy of Sciences, 2(1), 
pp.13-16. 
Morgan, J.W., Evison, L.M. & Forster C, F., (1991). Internal architecture of anaerobic 
sludge granules. Journal of  Chemical Technology and  Biotechnology, 50, 
pp.211-226. 
Najafpour, G.D., Zinatizadeh, A.A.L., Mohamed, A.R., Isa, M.H & Nasrollahzadeh, H. 
(2006). High rate anaerobic digestion of palm oil mill effluent in an upflow 
anaerobic sludge-fixed film bioreactor. Process Biochemistry, 41, pp.370-379. 
Najafpour, G.D., Tajallipour, M., Komeili, M. & Mohammadi, M. (2009). Kinetic model 
for an up-flow anaerobic packed bed bioreactor: Dairy wastewater treatment. 
African Journal of Biotechnology, 8(15), pp.3590-96. 
Öktem, Y. & Tüfekçi, N. (2006). Treatment of brewery wastewater by pilot scale upflow 
anaerobic sludge blanket reactor in mesophilic temperature. Journal of Scientific 
& Industrial Research, 65(March), pp.248-251. 
Padilla, G.E. & López, L.A. (2010). Kinetics of organic matter degradation in an upflow 
anaerobic filter using slaughterhouse wastewater. Journal of Bioremediation and 
Biodegradation, 1(2), pp.1-6. 
Park, N.B., So, K.H., Lee, D.B., Jun, H.B., Yoon., A.H & Park, S.M. (2007). Effect of 
methane production the single - and two phased reactors in the anaerobic 
treatment of piggery wastewater. Proc. of the 9th Int. Conf. on the East and 
Southeast Asia Federation of Soil Science Societies. Koria: Korean Society of Soil 
Science and Fertilizer. pp.151-152. 
Passeggi, M., López, I. & Borzacconi, L. (2012). Modified UASB reactor for dairy 
industry wastewater: performance indicators and comparison with the traditional 
approach. Journal of Cleaner Production, 26, pp.90-94. 
Pereboom, J.H.F. (1994). Size distribution model for methanogenic granules from full 
scale UASB and IC reactors. Water Science and Technology, 30(12), pp.211-221. 
Poh, P.E. & Chong, M.F. (2009). Development of anaerobic digestion methods for palm 
oil mill effluent (POME) treatment. Bioresource Technology, 100, pp.1-9. 
Pratiwi, W. (2007). Industrial and Hazardous Waste Treatment and Management. 
Bandung, Indonesia: Center for Pulp and Paper. Review Report. 
Punal, A., Trevisan, M., Rozzi, A. & Lema, J.M. (2000). Influence of C:N ratio on the 
start-up of up-flow anaerobic filter reactors. Water Science and Technology, 
34(9), pp.2614-2619. 
Rajakumar, R. & Meenambal, T. (2008). Comparative study on start-up performance of 
HUASB and AF reactors treating poultry slaughterhouse wastewater. 
International Journal of Environmental Research, 2(4), pp.401-10. 
Rajakumar, R., Meenambal, T., Banu, R.J. & Yeom, I. (2011). Treatment of poultry 
slaughterhouse wastewater in upflow anaerobic filter under low upflow velocity. 
International journal of Environmental Science and Technology. 8(1), pp.149-
158. 
Ramakrishnan, A. & Gupta, S.K. (2006). Anaerobic biogranulation in a hybrid reactor 
treating phenolic waste. Journal of Hazardous Materials, 137, pp.1488-95. 
Ronnachai, C., Piyarat, B., Poonsuk, P. & Sumate, C. (2007). Effect of organic loading 
rate on methane and volatile fatty acids productions from anaerobic treatment of 
palm oil mill effluent in UASB and UFAF reactors. Journal of Science and 
Tecknology, 2, pp.311-323. 
Ruiz, I., Veiga, M.C., De Santiago, P. & Blázquez, R. (1997). Treatment of 
slaughterhouse wastewater in a UASB reactor and an anaerobic filter. Bioresource 
Technology, 60, pp.251-258. 
Russo, C., Anna, S., G.L & de Carvalho Pereira, S.E. (1985). An anaerobic filter applied 
to the treatment of distillery wastewaters. Agricultural Wastes, 14, pp.301-313. 
Safiuddin, M. & Hearn, N. (2005). Comparison of ASTM saturation techniques for 
measuring the permeable porosity of concrete. Cement and Concrete Research, 
35, pp.1008- 1013. 
Saleh, M.M.A. & Usama, F.M. (2003). UASB/EGSB Application for Industrial 
Wastewater Treatment. Proc. of the 7th Int. Conf. on Water Technology. Egypt: 
Al-Azhar University, pp.335-344. 
Salmiah, A. (2000). Non-Food Uses of Palm Oil and Palm Kernel Oil. Kuala Lumpur, 
Malaysia: MPOPC Palm Oil Information Series. Report. 
Sam-Soon, P., Loewenthal, R., Dold, P.L. & Marais, G. (1987). Hypothesis for 
pelletisation in the upflow anaerobic sludge bed reactor. Water SA, 13(2), pp.69–
80. 
Schmidt, J.E. & Ahring, B.K. (1996). Granular sludge formation in up-flow anaerobic 
sludge blanket (UASB) reactors. Biotechnology and Bioengineering, 49(3), 
pp.229-246. 
Shafigh, P., Zamin, M.J. & Mahmud, H. (2010). Mix design and mechanical properties of 
oil palm shell lightweight aggregate concrete: A review. International Journal of 
the Physical Sciences, 5(14), pp.2127-2134. 
Shin, S.G., Yoo, S., Hwang, K., Song, M., Kim, W., Han, G & Hwang, S. (2011). 
Dynamics of transitional acidogenic community along with methanogenic 
population during anaerobic digestion of swine wastewater. Process 
Biochemistry, 46(8), pp.1607-1613. 
Shivayogimath, C.B. & Ramanujam, T.K. (1999). Treatment of distillery spentwash by 
hybrid UASB reactor. Bioprocess Engineering, 21, pp.255-259. 
Show, K.Y., Wang, Y., Foong, S.F & Tay, J.H. (2004). Accelerated start-up and 
enhanced granulation in up-flow anaerobic sludge blanket reactors. Water 
Research, 38(9), pp.2293-2304. 
Singh, K.S., (1999). Municipal wastewater treatment by upflow anaerobic sludge blanket 
(UASB) reactors. University of Regina: Ph.D. Thesis. 
Singh, R.P., Kumar, S. & Ojha, C.S.P. (1999). Nutrient requirement for UASB process: a 
review. Biochemical Engineering, 3, pp.35–54. 
Sivawan, P., Naraporn, H. & Khanitta, H. (2002). Performance of upflow anaerobic 
sludge blanket (UASB) reactor treating rubber latex wastewater under acidogenic 
conditions. Thailand: University of Technology Thonburi. Report. 
Soto, M., Ligero, P., Vega, A., Ruiz, I., Veiga, M.C & Blazquez, R. (1997). Sludge 
granulation in UASB digesters treating low strength wastewaters at mesophilic 
and psychrophilic temperatures. Environmental Technology, 18(11), pp.1133-45. 
Sunil, K.G. & Gupta, S.K. (2005). Morphological study of the granules in UASB and 
hybrid reactors. Clean Techn Environ Policy, 7, pp.203-212. 
Syutsubo, K., Harada, H., Ohashi, A. & Suzuki, H. (1997). Effective start-up of 
thermophelic UASB reactor by seeding mesophilically-grown granular sludge. 
Water science and Technology, 36(6-7), pp.391-408. 
Takuma. (2005, June 1). Takuma anaerobic digestion process for livestock manure. 
Global Environment Centre Foundation. retrieved January 22, 2011, from  
HYPERLINK "http://www.gec.jp/water/data/water_16‐6.html" 
http://www.gec.jp/water/data/water_16-6.html . 
Tate, D.J.M. (1996). The RGA History of the Plantation Industry in the Malay Peninsula. 
Oxford University: Ph.D. Thesis. 
Tay, J.H., Xu, H.L. & Teo, K.C. (2000). Molecular mechanism of granulation. I: H+ 
translocation–dehydration theory. Journal of Environmental Engineering, 126, 
pp.403-410. 
Teo, D.C.L., Mannan, M.A., Kurian, V.J. & Ganapathy, C. (2007). Lightweight concrete 
made from oil palm shell (OPS): Structural bond and durability properties. 
Building and Environment, 42, pp.2614-2621. 
Tessele, F., Monteggia, L.O. & Rubio, J. (2005). Treatment of municipal wastewater 
UASB reactor effluent by unconventional flotation and UV disinfection. Water 
Science and Technology, 52(1-2), pp.315-322. 
Thaveesri J., Daffonchio, D., Liessens, B., Vandermeren, P & Verstraete, W. (1995). 
Granulatio n and sludge bed stability in upflow anaerobic sludge bed reactors in 
relation to surface thermodynamics. Applied and Environmental Microbiology, 
61(10), pp.3681-366. 
Tiwari, M.K., Guha, S., Harendranath, C.S. & Tripathi, S. (2005). Enhanced granulation 
by natural ionic polymer additives in UASB reactor treating low-strength 
wastewater. Water Research, 39(16), pp.3801-3810. 
Uemuraa, S. & Haradab, H. (2000). Treatment of sewage by a UASB reactor under 
moderate to low temperature conditions. Bioresource Technology, 72, pp.275-
282. 
van der Merwe, M & Britz, T.J. (1993). Anaerobic digestion of baker’s yeast factory 
effluent using an anaerobic filter and hybrid digester. Bioresource Technology, 
43, pp.169-174. 
van Haandel, A., Kato, M.T., Cavalcanti, P & Florencio, L. (2006). Anaerobic reactor 
design concepts for the treatment of domestic wastewater. Reviews in 
Environmental Science and Biotechnology, 4, pp.5-21. 
van Lier, J.B. (2008). High-rate anaerobic wastewater treatment: diversifying from end-
of-the-pipe treatment to resource-oriented conversion techniques. Water Science 
and Technology, 57(8), pp.1137-1148. 
Vanderhaegen, B., Ysebaert, K., Favere, K., van Wambeke, W., Peeters, T., Panic, V., 
Vandenlangenbergh, V & Verstraete, W. (1992). Acidogenesis in relation to in-
reactor granule yield. Water Science and Technology, 25(7), pp.21-30. 
Varley, J., Brown, A.K., Boyd, J.W.R., Dodd, P.W & Gallagher, S. (2004). Dynamic 
multipoint measurement of foam behavior for a continuous fermentation over a 
range of key process variables. Biochemical Engineering Journal, pp. 61–72. 
Veeresh, G.S., Kumar, P & Mehrotra, I. (2005). Treatment of phenol and cresols in up-
flow anaerobic sludge blanket (UASB) process: a review. Water Research, 39, 
pp.154-170. 
Veronez, R.G., Orra, A.A., Ribeiro, R., Zaiat, M & Ratusznei, S.M. (2005). A simplified 
analysis of granule behavior in ASBR and UASB reactors treating low-strength 
synthetic wastewater. Brazilian Journal of Chemical Engineering, 22(3), pp.361 - 
369. 
Vijayaraghavan, K., Ahmad, D. & Abdul Aziz, M.E. (2007). Aerobic treatment of palm 
oil mill effluent. Journal of Environmental Management, 82, pp.24-31. 
Vlyssides, A., Barampouti, E.M. & Mai, S. (2008). Determination of granule size 
distribution in a UASB reactor. Journal of Environmental Management, 86, 
pp.660-664. 
von Sperling, M., Freire, V.H. & Lemos Chernicharo, C.A. (2001). Performance 
evaluation of a UASB – activated sludge system treating municipal wastewater. 
Water Science and Technology, 43(11), pp.323-328. 
Wang, K. (1994). Integrated Anaerobic and Aerobic treatment of Sewage. Wageningen 
Agricultural University: Ph.D. Thesis. 
Wang, Z. & Banks, C.J. (2007). Treatment of a high-strength sulphate-rich alkaline 
leachate using an anaerobic filter. Waste Management, 27, pp.359-366. 
Wang, J., Wang, X., Zhao, Z. & Li, J. (2008). Organics and nitrogen removal and sludge 
stability in aerobic granular sludge membrane bioreactor. Applied Microbiology 
and Biotechnology, 79, pp.679-685. 
Westlund, A.D., Hagland, E. & Rothman, M. (1998). Operational aspects on foaming in 
digesters caused by Microthrix Parvicella. Water Science and Technology, pp.29-
34. 
Whitney, Elanor & Sharon, R. (2005). Understanding Nutrition. 10th ed. Florida, united 
States: Thomson-Wadsworth. 
Wiegant, W.M. & Lettinga, G. (1985). Thermophilic anaerobic digestion of sugars in an 
up-flow anaerobic sludge blanket reactors. Biotechnol and Bioengineering, 27, 
pp.1603-1607. 
Wu, W., Jain, M.K. & Zeikus, J.G. (1996). Formation of fatty acid-degrading, anaerobic 
granules by defined species. Applied Microbiology and Biotechnology, 62(6), 
pp.2037-2044. 
Yacob, S.R., Shirai, Y., Hasan, M.A., Wakisaka, M & Subash, S. (2006). Start-up 
operation of semi-commercialcosed anaerobic digester for palm oil mill effluent. 
Journal of Process and Biochemistry, 41, pp.962-964. 
Yan, B. Liu, K., Su, C., Zhao, W., Shi, J., Long, F & Wu, Y. (2011). Compared selection 
of pretreatment technology for cassava starch wastewater treated by anaerobic 
process. Water Resource and Environmental Protection, pp.1533-1536. 
Yasar, A. Ahmad, N., Chaudhry, M.N., Rehman, M.S.U & Khan, A.A.A. (2007). Ozone 
for color and COD removal of raw and anaerobically biotreated combined 
industrial wastewater. Polish Journal of Environmental Studies, 16(2), pp.289-
294. 
Yetilmezsoy, K. (2008). Treatability of poultry manure wastewater using anaerobic 
sludge bed reactor. Yildiz Technical University: Ph.D. Thesis. 
Yetilmezsoy, K. & Sakar, S. (2008). Improvement of COD and color removal from 
UASB treated poultry manure wastewater using Fenton’s oxidation. Journal of 
Hazardous Material, 151, pp.547-558. 
Yu, H.Q., Fang, H.H. & Tay, J.H. (2000). Effect of Fe2+ on sludge granulation in upflow 
anaerobic sludge blanket reactor. Water Science and Technology, pp.199-205. 
Yu, L., Hai-Lou, X., Kuan-Yeow, S. & Joo-Hwa, T. (2002). Anaerobic granulation 
technology for wastewater treatment. World Journal of Microbiology and 
Biotechnology, 18, pp.99-113. 
Yu, L., Hai-Lou, X., Shu-Fang, Y. & Joo-Hwa, T. (2003). Mechanisms and models for 
anaerobic granulation in upflow anaerobic sludge blanket reactor. Water 
Research, 37, pp.661-673. 
Yusoff, S. (2006). Renewable energy from palm oil innovation on effective utilization of 
waste. Journal of  Cleaner Product, 14, pp.87-93. 
Yu, H.Q., Tay, M.J.H. & Fang, H.P. (2001). The roles of Calcium in sludge granulation 
during UASB reactor start-up. Water Research, 35(4), pp.1052-1060. 
Zamanzadeh, M & Azimi, A.A (2004). Determination of design criteria for UASB 
reactors as a wastewater pretreatment system in tropical small communities. 
International Journal of Environment Science and Technology, 1(1), pp.51-57. 
Zeikus, J.G. (1979). Microbial populations in digesters. In Stafford, D.A., Wheatley, B.I., 
& Hughes, D.E. Anaerobic Digestion. London: Applied Science Publications. 
pp.61-89. 
Zhang, Z. Show, K., Tay, J., Liang, D & Lee, D. (2008). Enhanced continuous 
biohydrogen production by immobilized anaerobic microflora. Energy and Fuels, 
22(1), pp.87-92. 
Zhu, J., Hu, J. & Gu, X. (1997). The bacterial numeration and the observation of a new 
syntrophic association for granular sludge. Water Science and Technology, 
36(6/7), pp.133-140. 
 
